The neural tube defects anencephaly and spina bifida are important causes of infant mortality and morbidity. Recent studies suggest that many of these defects can be prevented by the periconceptional use of folic acid. At the same time, we do not know what causes most cases of neural tube defects and there is evidence to suggest that they are etiologically heterogeneous. Additional research needs to be directed toward the role of occupational and environmental exposures in the etiology of these defects. Importantly, studies need to examine embryologically and anatomically specific types of defects and develop accurate information on biologically relevant exposures. Exposures toward which attention needs to be directed include organic solvents; agricultural chemicals, including pesticides; water nitrates; heavy metals such as mercury; ionizing radiation; and water disinfection by products. We also recommend that additional attention be paid to mechanisms of neural tube closure and to the potential role of genetic heterogeneity in the absorption and metabolism of xenobiotics and in their effects on the neural tube. -Environ Health Perspect 103(Suppl 6): 165-171 (1995) 
Introduction
Among many populations, defects of neural tube closure-anencephaly, spina bifida cystica or meningomyelocele, and encephalocele-are significant causes of infant mortality and morbidity. Commonly considered as a group and currently most often referred to as neural tube defects (NTDs), these defects have been studied extensively; yet their causes remain unknown. There is overwhelming evidence supporting a multifactorial etiology for this group of defects. In addition, there is increasing evidence that these defects are heterogeneous. As discussed below, more attention needs to be paid to the possibility of etiologic differences among the defects than often has been the case in the past.
The determination of the role of periconceptional folic acid supplementation in reducing the risk of NTDs must be considered a major public health accomplishment (1) . There is now convincing evidence that folic acid supplementation prior to conception and early in gestation reduces both the occurrence and recurrence of NTDs. Oakley (1) has recently introduced the term and concept of folic acid-preventable spina bifida and anencephaly. It has been estimated that approximately 50% of NTDs are preventable by taking a supplement containing 0.4 mg of folic acid prior to conception and early in gestation. It must be kept in mind that the success of this preventive intervention is likely to vary among populations. This is supported by findings from the case-control study of vitamin supplementation and NTDs in Illinois and California that did not show protective effects (2) .
Although the evidence that folic acid supplementation reduces the risk of anencephaly and spina bifida is compelling, it must be emphasized that we do not know how folic acid works. In addition, it is important to realize that although there are no overwhelming data to support a role for environmental agents in the etiology of NTDs, there are data that suggest that extrinsic agents need to be evaluated further.
My thesis is that additional attention needs to be paid to the potential roles of environmental and occupational agents in the etiology of NTDs. As part of this process, it is necessary to increase the specificity of categorizing both outcomes and exposures. The key issues to be addressed in this presentation are the importance of recognizing etiologic heterogeneity-and examining specific types of defects-and improving assessment of exposure in attempting to evaluate the role of exogenous agents in disrupting neural tube closure.
Heterogeneity of Neural Tube Defects
Because of their epidemiologic and embryologic similarities, anencephaly and spina bifida have commonly been referred to as a single etiologic entity. This has been reflected in the use of collective terms to categorize the defects: historically, central nervous system malformations and, more recently, neural tube defects. I believe that this approach obscures the possibility of important etiologic differences between anencephaly and spina bifida, the two major defects subsumed in those groupings. In addition, some studies of central nervous system malformations have included nonneural tube defects such as hydrocephaly and microcephaly among the defects that were so characterized. While for some purposes the grouping of defects may be useful, I maintain that in trying to determine etiology, it is important to look at defects by as specifically defined anatomic/embryologic categories as possible.
There is a growing literature on the etiologic heterogeneity of the NTDs. Early discussions focused on the importance of looking at defects associated with chromosomal or genetic factors separately from those expected to be due to multifactorial etiology (3) (4) (5) . Later discussions focused on epidemiologic differences between anencephaly and spina bifida (6) and on potential etiologic differences between NTDs with and without malformations in other organ systems-often referred to as single versus multiple (7) (8) (9) and upper versus lower NTDs (10, 11) . While not all investigators agree with the concept of etiologic heterogeneity characterized by the above discussion (12, 13) , it is my opinion that the recent paper by Van Allen et al. (14) presenting evidence for multisite neural tube closure clearly supports the importance of looking at individual categories of defects, as we stressed in an early paper (6) .
Environmental Factors and the Specificity of Neural Tube Defects
One particularly important point in looking at environmental agents and NTDs is that when clusters occur, rates most frequently increase for either anencephaly or spina bifida but not for both defects. We examined this topic several years ago and our findings are included in Table 1 .
Of particular interest are two additional clusters with which I have been involved. A key feature of the south Texas cluster is that the rate of anencephaly in particular was found to be increased. Information is lacking on the anatomic details of the cases. As shown in Table 2 , the rate of other NTDs (spina bifida predominantly) appears to be more consistent over time (15) . As noted earlier, anencephaly was also observed to have increased in several other clusters, suggesting the possibility of defect-specific etiologic agents (6) . Valproic acid, for example, increases the risk of spina bifida but not anencephaly (16) .
The Brownsville anencephaly cluster has triggered increased concern regarding the potential role(s) of environmental agents in the etiology of NTDs. Preliminary studies by the Texas Department of Health and the CDC examined the possible role of environmental contamination in the Cameron County cluster but failed to identify any significant associations between environmental contaminants and NTDs (15) . The community continues to be concerned that the excess of anencephaly is related either to environmental pollution from the maquiladoras across the Rio Grande in Matamoros, Mexico, or to pesticides applied to agricultural fields in the area. It is my position that, while there is no compelling evidence for environmental pollutants causing anencephaly, additional research needs to be carried out in this area to more fully evaluate the possible role of environmental factors in this cluster (17) .
The Environment and Neural Tube Defects
Throughout much of the history of the epidemiologic study of NTDs a very broad concept of the environment was used. The "environment" was considered to embrace all nongenetic aspects of etiology. Thus, environmental factors included maternal age, parity, social class, metabolic diseases, etc. In addition, we often thought of the intrauterine environment and the extrasomatic (ambient) environment as heuristically appealing characterizations. Other than concern about a few specific agents, In the remainder of this article I will briefly review the studies that I believe suggest possible associations between occupational and environmental exposures and NTDs. I will then close by considering some of the research needs relevant to this topic, focusing on four issues: a) the importance of considering specific defects in etiologic studies; b) the importance of improving methods of exposure assessment; c) the need to explore common mechanisms through which multiple agents could contribute to Matte et al. (28) . The cases and controls for this study came from the Atlanta Birth Defects Case-Control Study. Totals of 4915 case babies and 3027 controls were included in this analysis.
Mothers employed in nursing occupations had statistically significant excess risk of having a child with anencephaly or spina bifida. Possible exposures to the following specific agents were also evaluated: anesthetic gases, X-irradiation, and mercury. Among mothers potentially exposed to Xirradiation, there was a statistically significantly excess of NTDs based on only three cases. Potential maternal exposure to anesthetic gases was also significantly associated with spina bifida, again based on three cases.
The authors (28) discuss their findings in relation to earlier work and suggest that additional studies of maternal nursing occupations are indicated. They downplay the association they found between potential for maternal X-irradiation exposure and NTDs since it was based on a very small number of cases; this finding deserves further examination. In a study of congenital malformations and parental occupational exposure to ionizing radiation, statistically significant associations were observed between NTDs and parental preconception radiation dose (29) . As in the Atlanta study, this was based on a small number of cases and these findings were not interpreted as causal. Since Ambient air and drinking water are the most common sources of environmental exposure. From the perspective of NTDs, relatively more attention has been paid to a potential role for drinking water. This has included consideration of water hardness and mineral constitution, water nitrates, organic solvents, and water disinfection byproducts. We will briefly consider an airborne pollutant-vinyl chloride-and then discuss the latter three categories of drinking water contamination.
The possible importance of airborne pollutants in NTDs can be illustrated by studies of vinyl chloride. Several studies have been conducted of potential exposure to vinyl chloride monomer from industrial sources and NTDs. These studies grew out of suggestions that central nervous system malformation rates were high in communities with polyvinyl chloride polymerization plants (36) . Studies in West Virginia (37) and Quebec (38) tested the suggested relationship using case-control studies and failed to demonstrate statistically significant associations. A more recent study in New Jersey found increased odds ratios for central nervous system defects in proximity to two vinyl chloride polymerization facilities, but the increases were not statistically significant (39) . These studies can be used to illustrate some of the epidemiologic approaches and problems in studying environmental reproductive hazards (40) .
High rates of anencephaly in Cubatao, Brazil, were suggested to be associated with environmental pollution in the area (41 Relationships between congenital malformations and water contamination were recently studied in New Jersey (47) (48) (49) . Based on cases from the New Jersey Birth Defects Registry and databases with information on environmental pollutant levels, a number of statistically significant associations were demonstrated. Exposure assessments in the studies were based on analysis of existing environmental databases (47, 49) and maternal interviews (48) . A complete review of these studies is beyond the scope of this article, but these studies suggest the need for additional attention to water contamination and NTDs. No associations were found between NTDs and toxic air emission data, agricultural pesticide applications, or proximity to hazardous waste sites (49) . Extensive studies of drinking water quality and birth defects, however, showed associations between several drinking water contaminants and NTDs. On the basis of a cross-sectional study, significant associations were observed between carbon tetrachloride concentrations and total trihalomethanes and NTDs (47) . Weaker associations were observed for trichloroethylene, nitrates, and mixed water sources. More specific information on the breakdown by types of NTDs is not included. Trihalomethanes are by-products of water disinfection by chlorination (50) .
A case-control study was carried out that obtained more specific information on water exposures and other risk factors (48) . Statistically significant associations were found for total trihalomethanes and with perchloroethylene and nitrates, when the data were adjusted for the confounding effects of total trihalomethanes. Craun (51) (14) , supported by earlier discussions of the heterogeneity of NTDs (3, 4, 6) , establishes clearly the necessity of, at a minimum, assessing anencephaly and spina bifida separately when attempting to identify environmental etiologic agents. If, in fact, these two defects have distinct embryologic bases, as the evidence for the multisite closure model suggests (14) , then lumping them together would represent outcome misclassification that would tend to reduce any association between an environmental agent and one of the defects toward the null. Since clusters of anencephaly seem to be more common than clusters of spina bifida, it may be that environmental or occupational chemicals play potentially greater roles in the etiology of these defects than of spina bifida.
The specific with regard to an individual agent of concern. New approaches to exposure assessment using exposure biomarkers are needed in developmental toxicity, and informative studies are now under way (52) . An additional issue of concern is the ability to estimate a biologically effective dose at a biologically relevant time. There is a great need for additional research support for efforts in retrospective exposure assessment (53) .
Questions of the specificity of exposure are particularly pertinent to considerations of associations between defects and hazardous waste sites (42) or water contamination (48) . Severe criticisms have been leveled at some of the studies discussed earlier with regard to the adequacy of the exposure assessment methods used.
Implicit in the discussion of exposure is the issue of exposure to whom. While much of the concern about occupational reproductive hazards in particular has tended to focus on exposures of pregnant women during sensitive periods early in embryogenesis, the growing evidence for paternally mediated developmental effects strongly suggests that exposures of both parents need to be taken into account (54 parents and to the embryo using biologic markers. In addition, concerns regarding the possible effects of solvents, agricultural chemicals, and water disinfection by-products in the ambient environment indicate the need for developing and applying more sophisticated approaches to exposure assessment than have been possible using environmental monitoring data routinely collected for other purposes. To avoid exposure misclassification in epidemiologic studies, the specificity and accuracy of exposure assessment must be considered a priority in future epidemiologic research.
A third area for research priority is attention to mechanisms of neural tube closure. The work of Van Allen and colleagues (14) provides insight into some of the embryologic and mechanistic issues that need attention. An important question is, what can we learn from the effect of folic acid supplementation on neural tube closure that may be relevant to environmental and occupational agents? While our hypothesis is that anencephaly and spina bifida are more etiologically distinct than has been appreciated in the past-and that different agents may play varying roles in affecting closure-it is also logical to try to understand common anomalies at the cellular or intracellular level.
Recent interest in a potential role for free radicals and free radical scavengers may be one place to search for common mechanisms. For example, Graf and Pippenger (55) have recently published the results of a preliminary study that showed increased rates of glutathione peroxidase deficiency in families with neural tube defects. Glutathione peroxidase is a free radical scavenger, and this study suggests that there may be an inherited vulnerability to peroxidation stress or reduced antioxidative protection mechanisms at the time of embryogenesis. There is growing interest in the potential relationship between the development of birth defects and free radical utilization. Interestingly, in light of the discussion of trihalomethanes, trihalomethane chloroform frequently is found in drinking water and leads to the production of free radicals (56) .
Finally, additional attention needs to be paid to issues of genetic heterogeneity in maternal absorption and metabolism of xenobiotics and in embryonic response. As part of the consideration of mechanisms of action of both protective agents such as folic acid and teratogenic agents such as valproic acid, it is important to evaluate genetic heterogeneity. This applies to environmental teratogens as well, and the preceding discussion of glutathione peroxidase is relevant here. Since there is a genetic component in the etiology of both anencephaly and spina bifida and evidence is suggested for male-mediated developmental effects that imply a genetic mechanism, it is important that additional research emphasis be placed on issues such as genetic heterogeneity in the metabolism of xenobiotic agents.
Conclusion
Birth defects are the single leading cause of infant mortality in the United States, and the two major defects of neural tube closure, anencephaly and spina bifida, make a significant contribution to this total (57) . The periconceptional use of folic acid is anticipated to have a dramatic impact on the incidence of these two defects. At the same time, some data suggest an etiologic role for occupational and environmental agents. It is essential that while public health programs for increasing folic acid intake by potentially pregnant women are initiated, additional research be directed toward this latter possibility. This should include large-scale multicenter case-control studies that pay particular attention to examining the role of agents such as solvents, agricultural chemicals, and water disinfection by-products in the development of specific types of defects. Attention must be directed toward reducing misclassification of both outcomes and exposures and toward mechanisms through which agents affect neural tube closure.
As we try to reach our objectives of reducing infant mortality and improving the health of children, it is essential that we expand our study of the role of the environment in the etiology of birth defects. For too long those concerned with children's health have ignored the problem of birth defects. The need is clear, the need is great, and the time is now for a commitment to these issues.
